INTRODUCTION
Endosymbiotic bacteria are found in a wide range of insect taxa, where they provide supplementary nutritional components essential for the survival of insects that feed on a restricted diet such as plant sap or blood (Buchner, 1965; Douglas, 1989) . Many of these micro-organisms have proved reluctant to yield to conventional culture techniques ; currently a trivial nomenclature system is in use to provide a distinction between different types of insect endosymbiont. This distinction is recognized on the basis of host tissue distribution, with 'primary (P) endosymbionts ' residing exclusively within a single (specialized) cell type and ' secondary (S) endosymbionts' residing in multiple host tissues. While phylogenetic analysis has proved useful for determining the taxonomic position of several insect endosymbionts (Aksoy, 1995 ; Beard et al., 1993b; Campbell et al., 1992; Clark et al., 1992; Hypsa & Dale, 1997; Munson et al., 1991 ; O'Neill et al., 1992 O'Neill et al., , 1993 Unterman et al., 1989) these fastidious bacteria have proved refractory to conventional culture techniques and consequently t Present address: Department of Biology, University of York, Heslington, York YO1 5YW, UK.
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only a handful of specimens have been assigned correct nomenclature (Aksoy, 1995; Hypsa & Dale, 1997; Munson et al., 1991) .
In the tsetse fly (Glossina spp.) P-and S-endosymbionts coexist in the gut lumen, with P-endosymbionts occupying specialized mycetocyte cells in the anterior portion of the insect gut and S-endosymbionts occupying midgut epithelial cells (Huebner & Davey, 1974; Pinnock & Hess, 1974) . While the role of each micro-organism has not been clearly defined, collectively their presence is known to be essential for egg production and larval development in the insect (Nogge, 198 1) . Elimination of the bacterial endosymbionts with antibiotics, lysozyme and specific antibodies leads to reproductive abnormalities and growth retardation in the aposymbiotic host (Hill & Campbell, 1973; Nogge, 1976 Nogge, , 1978 Pinnock & Hess, 1974; Southwood et al., 1975) . While the P-and Sendosymbionts of tsetse flies are both members of the family Enterobacteriaceae ( y subclass of the class Proteobacteria), each endosymbiont forms a distinct lineage within the family Enterobacteriaceae, sharing high 16s rDNA sequence identity with P-and Sendosymbionts found in other insects (Aksoy et al., 1995) . Only the P-endosymbionts show concordant evolution with their insect host, having 16s rDNA sequences which mirror the evolution of the Glossina . Tsetse S-endosymbionts isolated from different Glossina spp. share almost identical 16s rDNA sequences, suggesting recent acquisition of these organisms and possible horizontal symbiont transfer . The multi-tissue S-endosymbionts of tsetse flies were the first true insect endosymbionts to be cultivated in vitro. This was achieved through the use of a mosquito (Aedes albopictus) feeder cell culture system (Welburn et a/., 1987) , which has recently been used for the cultivation of other fastidious insect bacteria (Hypsa & Dale, 1997; O'Neill et a/., 1997) . Tsetse fly S-endosymbionts have recently been cultivated in cell-free media, although solid-phase culture and pure culture has not been achieved (Beard et al., 1993b) . The cultivation of tsetse fly S-endosymbionts has provoked interest in the use of these micro-organisms as potential tools for engineering refractory arthropod disease vectors, incapable of transmitting parasitic trypanosomes (Aldhous, 1993; Beard et al., 1993a) . Since tsetse fly S-endosymbionts are located in the insect gut where incoming parasites arrive, they may provide an excellent platform for anti-parasite gene expression. In addition, the S-endosymbionts of tsetse flies have been proposed to play an important role in the acquisition of trypanosome infections in tsetse flies, with their presence in certain fly lines promoting susceptibility to trypanosome infection (Maudlin & Ellis, 1985) . In this study we describe the isolation and pure culture of an S-endosymbiont from the haemolymph of G. m. morsitans. This was achieved by culture on a semidefined solid medium under microaerobic conditions. In addition, we present the results of the phenotypic tests that are required for the valid description of this new bacterial taxon and species. Considering the phylogenetic position and the results of the phenotypic tests we formally propose that the S-endosymbiont of G. m. morsitans should be classified in a new genus, Sodalis gen. nov., and in a new species, Sodalis glossinidius gen. nov., sp. nov.
METHODS
Isolation and cultivation of the G. m. morsitans Sendosymbiont in an insect cell line. The G. m. morsitans Sendosymbiont culture used for this study was isolated from a laboratory colony of G. m . morsitans (Tsetse Research Group, University of Glasgow, UK). Aedes albopictus cell line C6/36 (Igarashi, 1978) was maintained in MitsuhashiMaramorosch (MM) medium (ICN Biomedicals) supplemented with 20 % (v/v) heat-inactivated foetal calf serum at 25 "C by passaging the cells every 10 d with a 1 : 10 split into fresh MM medium. Five adult G. rn. morsitans were surface sterilized by immersion in Alcide LD (Life Science Laboratories) for 5 min and rinsed twice in sterile water. Haemolymph was collected in a sterile capillary tube after puncturing each fly in the fons region with a sterile needle. Immediately after collection, the haemolymph was mixed with 200 pl MM medium. The coverslip technique (Welburn et al., 1987) was used to enhance infection of the confluent Aedes albopictus cell culture by centrifugation as follows. After mixing the 200 pl MM/haemolymph with 5 ml 48 hold C6/36 cells (cultivated on a coverslip in a flat-bottomed centrifuge tube), the cultures was centrifuged (1 500 g, 5 min, 25 "C) to promote bacterial colonization of the insect cells. Infected cultures were maintained at 25 "C and passaged every 3 d by inoculating a fresh C6/36 culture with a 1/10 volume of symbiont-infected C6/36 cells. The Gimenez staining procedure (Gimenez, 1964) was used to examine the morphology of the cultured S-endosymbiont.
Solid-phase culture of the Sendosymbiont on agar media containing aerotolerance-enhancing supplements. Basal MM agar was prepared from serum-free MM medium by the addition of bacto-agar (Difco) to 1 YO (w/v). After autoclaving and cooling to 50 "C, aliquots of basal MM agar were supplemented with the following aerotoleranceenhancing supplements : Activated charcoal (1 0 mg m1-I; Sigma), bovine catalase (10, 100 and 1000 U ml-l; Sigma), FeSO, (5, 10 and 50 mg ml-l; Sigma), dithioerythritol (1, 5 and 10 mg ml-l ; Sigma) and fresh horse red blood cells (2 ml packed red cells mixed with 8 ml MM medium; Tissue Culture Services). Plates containing supplemented MM agar were inoculated with 200 p1 symbiont-infected C6/36 culture fluid and maintained at 25 "C.
Solid-phase culture of the Sendosymbiont on M M agar under different atmospheres. Basal MM agar plates were inoculated with 200 pl symbiont-infected C6/36 culture fluid and maintained at 25 "C under a range of different atmospheres in gas jars (Oxoid) at 25 "C. Anaerobic conditions were created by the action of an anaerobic catalyst (Oxoid), which was activated and maintained in a sealed jar along with inoculated MM agar plates. Microaerobic and aerobic conditions were created by flushing sealed gas jars (containing inoculated plates) with 100 vols appropriate gas mixture. The gas mixtures employed in the experiment were 5, 10, 15 and 20% oxygen balanced with either carbon dioxide or nitrogen. As a control treatment, a single inoculated plate was maintained in a gas jar filled with air.
Isolation of strain MIT, a pure culture isolate of Sendosymbiont. Strain MIT was obtained by the isolation of a single S-endosymbiont colony from an MM agar plate after 7 d growth in a microaerobic atmosphere ( 5 O/ O 0,, balanced with CO,) at 25 "C. Strain MIT was used for all subsequent experiments described in this study. Detection of the Sendosymbiont by PCR. Primers GPOlF (5' TGAGAGGTTCGTCAATGA 3') and GPO 1 R (5' ACG-CTGCGTGACCATTC 3') were used for the detection of Sendosymbionts, as these primers are known to amplify a 1.2 kb fragment of an abundant extrachromosomal element found in this bacterium (O'Neill et al., 1993) . The single colony used for the isolation of strain M l T was resuspended in 50 p1 MM medium and 5 p1 of this cell suspension was used as template for PCR with primers GPOlF and GPOlR. Samples (1 pl) of culture fluid from S-endosymbiont-infected and uninfected C6/36 cell cultures were used as template in positive and negative control PCRs (respectively) using the same primer set (GPOlF/R). PCRs were carried out in 50 pl thermostable polymerase buffer (Promega) containing 1.5 mM MgCl,, 0.2 mM dNTPs, 20 pmol each primer and 1 U Taq DNA polymerase (Promega). Reaction conditions consisted of an initial 5 min denaturation step (94 "C) followed by 35 cycles of denaturation (94 "C, 1 min), annealing (55 "C, 1 min) and extension (72 "C, 1 min). Sodalis glossinidius gen. nov., sp. nov.
3', which are known to amplify a 1361 bp fragment of 16s rDNA (O'Neill et al., 1993) . PCRs with the 16s rDNA consensus primers (including two negative-control reactions with no template) were carried out as outlined above for the GPO1 F/R primer set, using identical cycling parameters and reaction components, except for the primers. To facilitate Atailing and subsequent cloning, the PCR program included an additional final 10 min extension step (72 "C). The 1361 bp PCR product obtained from strain M 1 was cloned into T-tailed pBS SK + (Stratagene) and recombinant plasmids were sequenced by the chain-termination method on an Applied Biosystems automated sequencer.
Identification of strain MIT by extrachromosomal DNA profile analysis. To confirm the identity of strain MIT, the remaining 45 pl of the single colony isolate suspension was inoculated into 25 ml MM medium and incubated at 25 "C. After 7 d growth, 20 ml culture medium was removed and the bacteria were pelleted by centrifugation (5000 g, 5 min). Extrachromosomal DNA was prepared using a Wizard Minipreps plasmid DNA purification kit (Promega) according to the manufacturer's instructions with the following modifications: plasmid DNA was eluted from the column with 50 pl sterile water, which had been heated to 80 "C in a water bath prior to application onto the column. After elution into an Eppendorf, the aqueous DNA solution was combined with loading buffer and absorbed onto small squares of sterile Whatman No. 1 paper, to prevent shearing prior to electrophoresis. Extrachromosomal DNA was also prepared from S-endosymbionts cultivated in C6/36 cells following an identical procedure after removal of the C6/36 cells by low speed centrifugation (500g, 10 min). Both extrachromosomal DNA preparations were resolved by overnight electrophoresis (1 V cm-l) through a 0.6 YO (w/v) agarose gel.
Phenotypic tests. The remaining 5 ml of the MIT culture used for extrachromosomal DNA preparation was streaked onto MM agar plates and incubated under a microaerobic atmosphere to provide material for a range of phenotypic tests. Phenotypic tests were conducted using diagnostic tablets (Rosco Diagnostica) following the manufacturer's instructions with the exception that the enzymic reactions were incubated at the optimum growth temperature for Sendosymbionts (25 "C). Reactions were permitted to continue for twice the normal time before scoring to account for reduced enzyme activity at this temperature. Where diagnostic tablets were not applicable, tests were conducted according to established procedures (Cowan, 1974) , again at 25 "C using an extended incubation period. To ensure the validity of the test procedures control tests were conducted under identical conditions using Escherichia coli K 12, Citrobacter freundii ATCC 10787 and Xenorhahdus nematophilus ATCC 19061. All phenotypic tests were conducted under both aerobic and microaerophilic conditions. Carbon substrate assimilation tests. Since no minimal medium has been reported for the culture of Glossina Sendosymbionts, strain M l T carbon substrate assimilation tests were conducted during culture in the semi-defined MM medium prepared without the addition of glucose. For testing, 10 pl of a suspension of strain M1 in glucose-free MM medium was inoculated into culture tubes containing 10 ml MM medium supplemented (individually) to 2 O h (w/v) with the carbon sources outlined in Table 2 . For comparison, 10 pl of the same suspension of strain MIT was inoculated into 10 ml glucose-free MM medium without any carbon supplement present. To assess carbon source utilization, the increase in turbidity of each culture was determined by spectrophotometry after 7 d incubation at 25 "C by measuring OD,,, using a Corning spectrophotometer. Acid production was detected by repeating the carbon substrate assimilation tests with identical culture media containing the indicators phenol red (for detection of weak acid production) and bromcresol green (for detection of strong acid production). All tests were conducted under microaero bic conditions.
RESULTS AND DISCUSSION

Culture of the S-endosymbiont in Aedes albopictus cell line C6/36
Pleiomorphic, rod-shaped bacteria were visible in Aedes albopictus 05/36 cells at 24 h following inoculation with insect haemolymph. At this time, most of the bacteria observed were bound to the surface of C6/36 cells, forming small nests of infection. As the infection progressed, bacteria were observed penetrating the surface of the insect cells and dividing within the cell cytosol (48 h post-inoculation). By 72 h postinoculation, bacterial infection was widespread with many insect cells displaying extensive intracellular infection (Fig. 1) . The course and timing of the bacterial infection cycle was identical to that observed previously for Glossina S-endosymbionts cultivated in 05/36 cells (Welburn et al., 1987) .
Microaerobic culture of the S-endosymbiont
A solid-phase MM agar culture system was used to investigate the aerotolerance of the cultured S-endosymbiont. Chemical and enzyme supplements, known (Krieg & Hoffman, 1986) , were incorporated into test media to examine the effects of oxygen toxicity (Table  1) . After 5 d growth at 25 "C, colonies were observed only on MM agar plates containing either catalase or fresh horse blood. Fresh blood is known to be an excellent source of the enzyme catalase, which catalyses the breakdown of toxic hydrogen peroxide (Bolton et al., 1984) . In this experiment the Sendosymbiont grew most efficiently on media supplemented with fresh horse red blood cells. Phenotypic tests show that the S-endosymbiont, unlike most members of the Family Enterobacteriaceae, does not produce catalase. It seems likely that the absence of this enzyme is responsible, at least in part, for the restricted aerotolerance of this micro-organism. While growth was observed on MM agar plates supplemented with blood or catalase, colony size was irregular. At the beginning of the streak, where the inoculum was heavy, growth was dense and confluent with large colonies developing and merging. At the end of a streak, where the inoculum was thin, growth was sparse with colonies only attaining a small diameter. The subculture of individual colonies onto fresh plates showed that colony morphology did not breed true, indicating that mutation or phase-variation were unlikely to be responsible for the irregular colony sizes observed. Population-dependent growth has been observed with a number of other microaerophilic bacteria whose growth rate often increases with total respiratory capacity (Krieg & Hoffman, 1986 ).
Synthetic gas mixtures were used to determine the effect of atmospheric oxygen and carbon dioxide availability on the solid-phase culture of the Sendosymbiont (Table 1) . After 5 d at 25 "C, bacterial growth was observed only on MM agar plates incubated in atmospheres containing < 10 % oxygen, confirming that atmospheric oxygen inhibits the growth of the S-endosymbiont on solid media. While these bacteria grew very poorly in an anaerobic atmosphere, the presence of 5 % oxygen greatly stimulated growth. In addition, growth was enhanced by the presence of carbon dioxide, a gas known to enhance the growth of a number of other microaerophiles, including Campylobacter spp. (Krieg & Hoffman, 1986) . Carbon dioxide utilization is a feature of bacteria which employ an anapleurotic cycle for the Sodalis glossinidius gen. nov., sp. nov.
enzymic replenishment of tricarboxylic acid cycle intermediates that are used up during biosynthetic reactions (Moat & Foster, 1988) . This is of some interest in the context of insect-bacterial symbioses where certain insect symbionts are known to assist their insect host through the provision of essential dietary factors lacking in the host's natural diet (Douglas, 1989) . While there is no direct evidence of a biosynthetic capability in Glossina S-endosymbionts, it is known that the P-endosymbionts of aphids (including Buchnera aphidicola) supplement the insect host via the provision of essential amino acids which are lacking in the host's natural diet of plant sap (Douglas, 1997) . In such a system, carbon dioxide fixation and assimilation by the anapleurotic cycle would certainly provide a means of replacing intermediates used up during the biosynthesis of nitrogenous compounds.
To our knowledge, this is the first example of successful insect S-endosymbiont culture on an agar-based medium. With increasing interest in the possibility of using insect symbionts to express anti-parasitic gene products in insect disease vectors (Aldhous, 1993) , this new culture technique will permit the application of modern microbial genetic procedures requiring a solidphase culture system. In addition a solid-phase culture system may prove useful for the isolation and cultivation of symbiotic bacteria from other insects.
Isolation of strain MIT, a pure culture isolate of the Sendosymbiont
Bacterial strain M 1 was obtained by the isolation of a single S-endosymbiont colony from an MM agar plate after 7 d growth in a microaerobic atmosphere (5 % 0, balanced with CO,) at 25 "C. Strain MI' has been maintained in our laboratory for two years and was used for all of the subsequent experiments described in this study.
16s rDNA sequence analysis of strain MIT
To confirm the identity of MIT, a 1361 bp fragment of the 16s rDNA locus was amplified by PCR using consensus primers (data not shown). Sequencing revealed that the partial 16s rDNA sequence obtained from strain MIT was identical to that obtained in a previous study from the S-endosymbiont of G. m . morsitans (Beard et al., 1993 b ; GenBank accession number M99060). This data confirms that bacterial strain MIT, isolated on solid media, is the S-endosymbiont found in G. m. morsitans.
PCR using primer set GPOlF/R
PCR using the Glossina S-endosymbiont-specific primer set GPOlF/R was used to detect strain MIT, isolated after solid-phase culture of the S-endosymbiont. The single expected 1.2 kb PCR product ( Fig. 2) was observed in reactions containing cells from strain M 1 and the original S-endosymbiont-infected C6/36 culture (depicted in Fig. 1 ). No product was observed when uninfected C6/36 culture material was used as template for the PCR.
Extrachromosomal DNA analysis of strain MIT Extrachromosomal DNA was prepared from strain M l T and the original S-endosymbiont C6/36 culture (depicted in Fig. 1 ). Electrophoresis revealed that the extrachromosomal DNA profiles were identical (Fig.  3) , in addition these profiles matched those obtained in a previous study (Dale, 1997) . These individual profiles comprise a number of large extrachromosomal elements and have proved to be diagnostic for Sendosymbionts, permitting differentiation between isolates obtained from different Glossina spp. (Dale, 1997) . It is clear that the array of extrachromosomal DNA molecules, which may prove important for 
Colony morphology of strain MIT
On MM agar plates incubated under a 5 % oxygen, 95 YO carbon dioxide atmosphere, strain MIT displayed uniform colony size and morphology with colonies appearing shiny, off-white and concave with entire edges.
Phenotypic features of strain MIT
The results of the phenotypic tests were found to be identical under aerobic and microaerophilic conditions, and they reveal that strain M lT is characterized by an inactive biochemical profile in comparison with other members of the family Enterobacteriaceae. Strain MIT was non-motile and negative for catalase, oxidase, deoxyribonuclease, gelatinase, urease, nitrate reductase, indole production, hippurate hydrolysis, arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, phenylalanine deaminase, starch hydrolysis, a-fucosidase, P-galactosidase, a-glucosidase, P-glucosidase, P-glucuronidase, a-mannosidase and pxylosidase. Strain M lT did produce a-galactosidase and P-N-acetylglucosaminidase. The validity of the test results was confirmed by results obtained with the control bacterial strains (Escherichia coli K12, Citrobacter freundii ATCC 10787 and Xenorhabdus nernatophilus ATCC 19061) with all results (data not shown) conforming to those published in Bergey's Manual of Determinative Bacteriology (9th edn). The choice of phenotypic tests for this study was based upon features which are commonly used to differentiate members of the family Enterobacteriaceae (consisting mainly of genera which have been isolated and investigated because of their intrinsic association with animals and humans). Phenotypic testing has so far only been conducted on a few members of the family Enterobacteriaceae known to be associated with insects and this can be attributed to the fastidious nature of these organisms, many of which have not been isolated in pure culture. Of the insect-associated members of the Enterobacteriaceae which are known, phenotypic testing has only been undertaken with members of the genera Xenorhabdus and Photorhabdus, and Arsenophonus nasoniae. In common with strain M 1 T, these three genera all share a relatively inactive biochemical profile in comparison with other members of the family Enterobacteriaceae. However unlike Xenorhabdus spp. and Photorhabdus spp., which are both motile, and Arsenophonus nasoniae, which hydrolyses gelatin, strain M1 is both non-motile and does not hydrolyse gelatin. Unlike most members of the family Enterobacteriaceae, including Arsenophonus nasoniae and Xenorhabdus luminescens, strain M lT does not produce catalase, accounting for the microaerophilic nature of this bacterium, It is known from a previous study that the S-endosymbiont produces at least one t w, weak acid production; + , strong acid production.
type of chitinase enzyme (Welburn et al., 1993) and in this study we show that strain MIT produces p-Nacetylglucosaminidase. Interestingly, chitinase production by this micro-organism has been postulated to account for an increase in trypanosome susceptibility in laboratory colonies of G. rn. rnorsitans known to harbour large numbers of S-endosymbionts (Welburn & Maudlin, 199 1) . In addition to p-N-acetylglucosaminidase, strain M IT also produced a-galactosidase.
Carbon substrate assimilation tests
Perhaps the most striking feature of strain M lT was its unusual carbon substrate assimilation characteristics (Table 2) . While strain MIT did utilize and produce acid from glucose, both growth and acid production were more vigorous when either N-acetyl-D-glucosamine or raffinose was provided as a carbon source. These result are in agreement with the glycosidase detection tests, where it was found that strain MIT produced a-galactosidase (involved in raffinose catabolism) and p-N-acetylglucosaminidase (involved in N-acetyl-D-glucosamine catabolism). Strain M lT also used glycol chitosan, a polymer of N-acetyl-D-glucosamine, as a carbon source and this was accompanied by weak acid production. The sugar alcohols sorbitol and mannitol were also utilized by strain M IT, and in both cases weak acid production was detected. This suggests that strain MIT is devoted to the use of N-acetyl-D-glucosamine and raffinose as primary carbon sources. While polymerized N-acetyl-D-glucosamine (chitin) is known to form the exoskeleton and gut peritrophic membrane of tsetse flies (Lehane et al., 1996; Wigglesworth, 1972) , little is known about the Sodalis glossinidius gen. nov., sp. nov.
presence of raffinose in this insect. In the maize weevil, Sitophilzrs zeamais, an insect known to harbour closely related S-endosymbionts, raffinose is known to be an important dietary component (Baker, 1991) . In addition, the S-endosymbiont-carrying aphid Acyrthosiphon pisurn (Chen & Purcell, 1997; Unterman et al., 1989) and whitefly Bernisia tabuci (Costa et al., 1995) are known to produce honeydew rich in raffinose (Miller et nl., 1994) . In the case of the silver leaf whitefly Ben? isia argent ijolii, experiments involving aposymbiotic strains have shown that endosymbionts are capable of influencing the composition of honeydew (Davidson et al., 1994) .
Taxonomic position of strain MIT
Phylogenetic analysis based on the 16s rDNA locus has revealed that the G. m. morsitans S-endosymbiont is most closely related to the S-endosymbiont found in Glossinia pallidipes, sharing an identical 16s rDNA sequence over 11 17 bp (Beard et al., 1993b) . In a more detailed study (Aksoy et al., 1995) it was shown that the S-endosymbiont of G. m. morsitans is also closely related to the S-endosymbionts found in Glossinia palpalis (pairwise distance over 1026 bp, 1 bp), Glossinia austeni (pairwise distance over 1026 bp, 1 bp), Glossinia fuscipes (pairwise distance over 1026 bp, 2 bp) and Glossinia brevipalpis (pairwise distance over 1026 bp, 4 bp). In addition, it was shown that the S-endosymbiont of G. m. morsitans is also closely related to the S-endosymbionts of Sitophilus zeamais (pairwise distance over 940 bp, 21 bp) and Acyrthosiphon pisum (pairwise distance over 940 bp, 54 bp). These studies suggest that a distinct lineage of S-endosymbionts exists within the family Enterobacteriaceae. It is known that the P-endosymbionts of insects (including G. m. morsitans) form a separate distinct lineage within the Enterobacteriaceae and recently the P-endosymbiont of G. m. morsitans has been assigned correct nomenclature as Wigglesworthia glossinidia (Aksoy, 1995 
